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characteristics of titanium dioxide thin films
Jyh-Shin Chen, Shiuh Chao, Jiann-Shiun Kao, Guan-Ren Lai, and Wen-Hsiang Wang
We used the electron-beam evaporation method in various oxygen partial pressure environments to
deposit TiO2 thin films on various glass substrates at 300 °C. We found the threshold oxygen partial
pressures above which the film is transparent are different for films on various substrates. Below the
threshold oxygen partial pressure, the refractive index and the extinction coefficient of the films varied
from substrate to substrate. The films on substrates with higher threshold oxygen partial pressure were
associated with a higher extinction coefficient and a higher growth rate. These phenomena are corre-
lated with the appearance of rutile phase in the anatase phase, which is also correlated with variations
in the Al2O3 and Na2O content in the substrates. The Al2O3 content in the substrate tends to enhance
the formation of rutile phase in the film and to give a higher extinction coefficient for the film, while the
Na2O content in the substrate tends to retard the rutile formation in the film and to give a lower
extinction coefficient for the film. © 1997 Optical Society of America1. Introduction
Titanium dioxide ~TiO2! thin films are used widely as
the high-index film in optical multilayer design in the
visible wavelength region. Properties of TiO2 films
such as microstructure, stoichiometry, refractive in-
dex, absorption coefficient, and scattering loss are
dependent on the deposition method and the details
of the deposition conditions such as oxygen partial
pressure, substrate temperature, and deposition
rate, among others. Numerous reports have been
made on these subjects. One of the largest collabo-
rated efforts for studying the process-dependent op-
tical properties of TiO2 films was carried out in the
1980s and the results were provided in Bennett et al.1
In that effort, various techniques were used for dep-
osition on TiO2 films: electron-beam evaporation,
ion-beam sputter, ion-assisted deposition, ion plating,
rf diode sputter, dip coating, and activated–reactive
evaporation. It was found that the properties of the
films—optical constants, absorption characteristics,
surface roughness, and microstructure—varied be-
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© 1997 Optical Society of Americacause of deposition methods. The substrates used in
that effort were commercially available polished fused
silica; no other kind of substrate was used. Because
the properties of TiO2 films are so delicately process
dependent, it is possible that the substrate on which
the film is deposited also plays an important role.
There is no report to our knowledge that has empha-
sized the substrate-dependent optical properties of
TiO2 films. In this research, we use the electron-
beam evaporation method to deposit TiO2 films on var-
ious kinds of the most frequently used optical glass
substrates. We studied particularly the oxygen par-
tial pressure effect on the absorption characteristics of
TiO2 films deposited on various kinds of substrates.
Surface roughness, thermal expansion coefficients, and
chemical compositions of the substrates were studied
in order to explain the substrate-dependent properties
of TiO2 films.
2. Deposition Procedure
TiO2 thin film coatings were carried out in a Balzers
BAP 800 chamber by means of electron-beam evapo-
ration. The substrates were heated to 300 °C in the
baseline pressure of 2 3 1025 mbar and were main-
tained at that temperature during deposition. Ox-
ygen was introduced into the chamber with various
partial pressures for each batch of coating. The ox-
ygen partial pressure was controlled by a closed-loop
pressure control system to maintain the specific pres-
sure level during the deposition. The evaporation
source was a pure titanium dioxide pellet presoaked1 July 1997 y Vol. 36, No. 19 y APPLIED OPTICS 4403
to form a molten surface before deposition. The
electron-beam power was computer controlled to
maintain the deposition rate reading on the crystal
monitor at a constant value. The substrate-to-
source distance was 80 cm.
Five kinds of the most frequently used commercial
glass substrates were used in this study. These sub-
strates were Corning 7059 ~7059!, fused silica ~FS!,
Corning 7740 ~7740!, BK7 ~BK7!, and Balzers
BN845696-T @~BN!, sodalime glass#. TiO2 films
were deposited on those substrates by the method
described in the previous paragraph. For the com-
parison between the films on various substrates to be
legitimate, we subjected all substrates to exactly the
same cleaning procedure before we put them into the
chamber. Most important, each batch of coating
contained all five kinds of substrates placed at the
equivalent positions on the rotation substrate hold-
ing dome in the chamber, an arrangement that en-
sured that each substrate would be subject to exactly
Fig. 1. Refractive index versus oxygen partial pressure for films
on various substrates measured at wavelengths of ~a! 450 nm, ~b!
550 nm, ~c! 650 nm. The substrates are Corning 7059, 3; fused
silica, h; Corning 7740, E; BK7, ; and Balzers BN845696-T, {.4404 APPLIED OPTICS y Vol. 36, No. 19 y 1 July 1997the same conditions and environment during the
coating process. Each batch of coating was run un-
der a specific oxygen partial pressure. Five batches
of coating were processed at the oxygen partial pres-
sures of 4.2, 5.2, 6.0, 7.5, and 8.2 3 1025 mbar.
3. Results and Discussion
The transmission spectra of all the films on various
substrates that were deposited under various oxygen
partial pressures were measured in the 450–700-nm
wavelength range. The refractive index, the extinc-
tion coefficient, and the thickness of the films were
deduced from the transmission spectrum with the
method described by Swanepoel.2 Figures 1 and 2
show the refractive index and extinction coefficient
versus oxygen partial pressure for films on various
substrates at wavelengths of 450, 550, and 650 nm.
Deposited at 8.2 3 1025-mbar oxygen partial pres-
sure, films on all substrates are transparent with a
zero extinction coefficient. Deposited at 4.2 3 1025-
mbar oxygen partial pressure, films on all substrates
Fig. 2. Extinction coefficient versus oxygen partial pressure for
films on various substrates measured at wavelength of ~a! 450 nm,
~b! 550 nm, ~c! 650 nm. The substrates are Corning 7059, 3; fused
silica, h; Corning 7740, E; BK7, ; and Balzers BN845696-T, {.
Table 1. TiO2 Film Properties and Substrate Properties
Properties
Substrate
Corning 7059 Fused Silica Corning 7740 BK7
Balzers
BN845696-T
Film
Extinction coefficienta 5 4b 3b 2 1
~high! ~medium! ~medium! ~low! ~low!
Refractive indexa 1 2 3 4 5
~low! ~medium! ~medium! ~high! ~high!
Threshold oxygena
partial pressure
5 4 3 2 1
Growth ratea 5 4 3 2 1
~high! ~medium! ~medium! ~low! ~low!
Rutile in anatase
~X-ray diffraction!
Easiest — — — —
Substrate
Surface roughness ~Å! 3 6 4 8 12
Thermal expansionc
coefficient ~31026 K!
4.6 0.55 3.25 7.1 8
Composition ~%!c
SiO2 49 100 81 68.9 72
Al2O3 10 0 2 0 2
Na2O 0 0 4 8.8 15
B2O3 15 0 13 10.1 0
BaO 25 0 0 2.8 0
K2O 0 0 0 8.4 1
MgO 0 0 0 0 4
CaO 0 0 0 0 6
As2O3 0 0 0 1 0
XnOn 1 0 0 0 0
aHigher numbers represent higher actual values.
bFor low oxygen partial pressure, this order is reversed.
cThe thermal expansion coefficients and compositions of Corning 7059, Corning 7740, and Balzers BN 845696-T are taken from Ref. 3.
The thermal expansion coefficient and composition of BK7 are taken from Ref. 4.have a nonzero extinction coefficients. Within the
4.2–8.2 3 1025-mbar oxygen partial pressure range,
the refractive indices of the films on various sub-
strates are different and all are relatively inert to
oxygen partial pressure variation, while the extinc-
tion coefficients of the films on different substrates
are different and all are decreasing with the increas-
ing oxygen partial pressure. Film on the 7059 sub-
strate has the highest extinction coefficient and the
lowest refractive index, film on the BN substrate has
the lowest refractive index and the highest extinction
coefficient. Optical constants of the films on the BK7
substrate are close in value to those of the film on the
BN substrate. Optical constants of the film on the
FS and the 7740 substrates are close in value. The
relation of the relative values of the optical constants
of the films on various substrates are listed in the
first and second rows of Table 1.
The threshold oxygen partial pressure, defined as
the oxygen partial pressure during deposition above
which the film has a zero extinction coefficient, is the
lowest for the film on the BN substrate and the high-
est for the film on the 7059 substrate. The film on
the BK7 substrate has the second lowest oxygen par-
tial pressure, the film on the 7740 substrate has the
third lowest, and the film on the FS substrate has thesecond highest oxygen partial pressure. The rela-
tion of the relative values of the threshold oxygen
partial pressure for films on various substrates is
listed in the third row of Table 1. The deposition
times of all the films on various substrates at various
oxygen partial pressures were controlled to be the
same, i.e., 800 s.
The film growth rate, defined as the thickness di-
vided by the deposition time, of all the films on various
substrates at various oxygen partial pressures is
shown in Fig. 3. Figure 3 shows that the films on the
BN and BK7 substrates have the lowest growth rate,
the film on the 7059 substrate has the highest growth
rate, and the films on the 7740 and FS substrates have
intermediate growth rates; these relationships are
listed in the fourth row of Table 1. Table 1 indicates
clearly that the properties of high extinction coefficient,
low refractive index, high threshold oxygen partial
pressure, and high growth rate are all correlated.
X-ray diffraction measurements were taken for all
the samples. Deposited in 8.2 3 1025-mbar oxygen
partial pressure, all the films on various substrates
showed only an anatase phase, as is indicated in Fig.
4~a!. Deposited in 4.2 3 1025-mbar oxygen partial
pressure, all the films on various substrates showed
the appearance of rutile ~100! peak in the anatase1 July 1997 y Vol. 36, No. 19 y APPLIED OPTICS 4405
phase, as is indicated in Fig. 4~b!. Deposited within
the 4.2–8.2 3 1025-mbar oxygen partial pressure
range, only the film on the 7059 substrate persis-
tently showed distinctive rutile ~100! peak in the ana-
tase phase; films on substrates other than 7059
showed rutile ~100! peak that diminished rapidly
with increasing oxygen partial pressure and became
barely distinguishable from the background. These
results indicate that in an oxygen-deficient environ-
ment film on the 7059 substrate among the films on
all the substrates, is the most likely to have the rutile
phase appear in the anatase phase. These results
are listed in the fifth row of Table 1. X-ray diffrac-
tion results in Figs. 4~a! and 4~b! also indicate that
the rutile phase is highly preferentially oriented in
the relatively random-oriented anatase phase.
The first five rows in Table 1 summarize the results
of substrate-dependent properties of TiO2 film. The
general trend is that a higher extinction coefficient of
the film is associated with a lower refractive index, a
higher growth rate, a higher-threshold oxygen partial
pressure, and the ready appearance of the rutile
phase in the anatase phase. We discuss in the fol-
lowing paragraphs the properties of the substrate
that cause these phenomena.
The surface roughness of all kinds of substrates
used in this experiment was measured with an a-step
200 ~Tencor Instruments!. The results are listed in
the sixth row of Table 1. Bennett et al.1 reported
that the TiO2 films deposited on fused silica sub-
strates with various deposition methods, including
electron-beam evaporation, showed higher absorp-
tion when the substrate had higher roughness. The
magnitude of the roughness in that experiment is in
the same range of roughness that exists in our exper-
iment. In our case, the high absorption does not
correlate with high roughness, as is indicated in Ta-
ble 1. Therefore the roughness variation from sub-
Fig. 3. Film growth rate versus oxygen partial pressure for films
on various substrates. The substrates are Corning 7059, 3; fused
silica, h; Corning 7740, E; BK7, ; and Balzers BN845696-T, {.4406 APPLIED OPTICS y Vol. 36, No. 19 y 1 July 1997strate to substrate is not the major cause of the
substrate-dependent properties of the film.
The thermal expansion coefficients of the substrates
are listed in the seventh row of Table 1. The relative
values of the thermal expansion coefficients of various
substrates do not correlate with the trend of the
substrate-dependent properties of the film, as is indi-
cated in Table 1. The different degrees of stress that
were developed in the film on different substrates ow-
ing to the various thermal expansion coefficients of the
substrates when the filmysubstrate was cooled from
the 300 °C deposition temperature to room tempera-
ture also do not seem to be the major causes of the
substrate-dependent properties of the films.
The chemical composition of the substrates is listed
in Table 1. The major ingredients of the substrates
are SiO2, Al2O3, B2O3, BaO, Na2O, K2O, MgO, and
CaO. One can see that of these ingredients those
whose relative amounts correlate better than the
amounts of other ingredients with the trend of the
substrate-dependent properties of the films are Na2O
and Al2O3. Iida and Ozaki5 reported that the ana-
tase phase transformed to the rutile phase at about
900 °C for bulk TiO2 without additives, but the addi-
tion of NiO, CoO, MnO2, Fe2O3, and CuO in bulk TiO2
promotes the anatase–rutile transformation at lower
temperature, while the addition of NaO2 and WO3 in
bulk TiO2 retards the anatase-to-rutile transforma-
tion. Without additives, an 82 ~wt. %! anatase
Fig. 4. X-ray diffraction pattern of films deposited on various
substrates under oxygen partial pressure of ~a! 4.2 3 1025 mbar,
~b! 8.2 3 1025 mbar.
phase of TiO2 can transform to a rutile phase at
900 °C, but only a 14 ~wt. %! anatase phase can trans-
form to a rutile phase at 900 °C, with 0.5 ~mol. %!
addition of Na2O.
It was also reported that the rate of the transfor-
mation decreases with an increase in the oxygen par-
tial pressure in the annealing atmosphere.
Fredriksson and Carlsson6 reported that of the TiO2
films that were deposited on various substrates of
quartz, zirconia, magnesia, gold, platinum, and alu-
mina by means of chemical-vapor deposition in the
temperature range of 930–1075 °C, only the films on
platinum and alumina substrates had a rutile single
phase rather than a rutile–anatase mixed phase.
Suyama et al.7 reported that rutile particle can be
obtained by the addition of AlCl3 to the gas mixture in
the homogeneous vapor nucleation process for rutile
particle production. Battiston et al.8 reported that
among the TiO2 films deposited on stainless steel,
titanium, barium borosilicate glass, and alumina
substrates by means of the metal organic chemical
vapor deposition method, only the film on alumina
substrate can have a complete anatase-to-rutile
transformation at 1100 °C. References 5–8 indicate
that the presence of Na2O in the TiO2 formation pro-
cess can retard the formation of the rutile phase; the
presence of Al2O3 or Al in the TiO2 formation process
can enhance the formation of the rutile phase.
In our experiment, the 7059 substrate is 10% Al2O3
and 0% Na2O and it has the strongest tendency among
all the substrates to enhance rutile phase formation at
the nucleation stage of TiO2 film formation. BN and
BK7 substrates are, respectively, 15% and 8.8% Na2O
and 2% and 0% Al2O3; they have a tendency stronger
than other substrates to retard the formation of rutile
phase at the nucleation stage of the film deposition.
Although 7740 substrate is 4% Na2O and 2% Al2O3,
the tendency of rutile formation enhancement by
Al2O3 is likely to be canceled to some extent by Na2O.
There is no Al2O3 or Na2O in the FS substrate to affect
the rutile formation. Therefore, on the basis of these
discussions, the order of formation of rutile phase in
anatase phase at the nucleation stage of TiO2 film
formation affected by the presence of Al2O3 and Na2O
in various substrates is first, 7059, followed by FS and
7740, and BK7 and BN. The assertion that the film
on the 7059 substrate is the most apt to form rutile
phase owing to the high Al2O3 content in 7059 is con-
sistent with the X-ray diffraction finding.
The rutile phase is a high-temperature phase7,9
that forms at approximately 900 °C in bulk TiO2.
The characteristics of the high-temperature phase
mean that rutile formation, including oxidation to
full stoichiometry, requires higher activation energy
than the anatase phase. In our 300 °C deposition
temperature, the formation of rutile is likely to be
oxygen deficient and therefore optically absorptive.
In conjunction with the discussions above we can
assert that the films deposited on a high Al2O3 and a
low Na2O content substrate, which have a higher
tendency to form a rutile phase, should be more ab-
sorptive than the films deposited on a high Na2O anda low Al2O3 content substrate, which have a higher
tendency to retard rutile phase formation. The or-
der of the degree of absorption for the films on various
substrates should be the same as the order of readi-
ness for the formation of the rutile phase: 7059, FS
and 7740, and, lastly, BK7 and BN. This order co-
incides with the order of the measured extinction
coefficient of the films on these substrates, as is indi-
cated in the first row of Table 1. On the basis of
these correlations, we therefore conclude that the
variation in the Na2O and the Al2O3 content in the
substrates is the major cause of the substrate-
dependent absorption properties of TiO2 films.
There is no evidence to prove that other ingredients
in the substrate such as SiO2, B2O3, BaO, K2O, MgO,
or others have an effect on properties of TiO2 films.
Some implications of our results are that, first,
when one works on the optimization of the TiO2 film
deposition process, it is important to work with the
specific kind of substrate on which the film is to be
deposited as the final product. One has to be par-
ticularly cautious when working with multilayer dep-
osition, when TiO2 films may be deposited on
different layers of materials and substrate. With
different underlayers and substrates, the TiO2 depo-
sition condition must be optimized separately for del-
icate applications such as the dielectric mirror for a
ring laser gyro and a high-energy laser. Second,
during deposition, the witness substrate on an optical
monitor must be the same as the substrate of the
product. Third, for deposition conditions that in-
clude high oxygen partial pressure, under which the
films so deposited are transparent, one cannot ex-
clude the possibility of the formation of a small
amount of absorptive rutile phase resulting from the
presence of Al2O3 in the substrate or even in the film;
the amount of rutile phase may be beyond the detec-
tion limit of X-ray diffraction, and the degree of ab-
sorption may also be beyond the capability of
ordinary absorption measurement. This also is of
concern in delicate applications such as the dielectric
mirror for a ring laser gyro and a high energy laser.
The addition of Na2O in the substrate and the possi-
ble introduction of Na2O in the film during deposition
are advantageous for lower absorption owing to their
ability to retard rutile formation.
Figure 1 shows that, at 8.2 3 1025-mbar oxygen
partial pressure, although the extinction coefficients
of the films on different substrates all cease to zero,
the refractive indices of the films on different sub-
strates do not converge to the same value. Whether
the refractive index of the transparent TiO2 film is
also substrate dependent and how it would be related
to deposition conditions such as oxygen partial pres-
sure are interesting subjects for future study.
4. Conclusion
We used the electron-beam evaporation method at
300 °C to deposit TiO2 films on Corning 7059, fused
silica, Corning 7740, BK7, and Balzers BN845696-T
glass substrates. Under our deposition conditions,
we found that the extinction coefficient, refractive1 July 1997 y Vol. 36, No. 19 y APPLIED OPTICS 4407
index, threshold oxygen partial pressure, rutile for-
mation, and the growth rate of the films are corre-
lated with the variation in the amount of Al2O3 and
Na2O in the substrates. Al2O3 in the substrate en-
hances the rutile phase formation in the film, and
Na2O in the substrate retards the rutile phase for-
mation in the film. The absorption of the film de-
posited on the high Al2O3 and the low Na2O content
substrate is higher than the absorption of the films
deposited on the low Al2O3 and the high Na2O con-
tent substrates. We propose that the addition of
Na2O in the substrates or in the film is advantageous
for lower absorption in TiO2 film.
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